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Connexin 43 (Cx43) knockout mice and transgenic mice (CMV43) overexpressing the Cx43 gap junction gene exhibit heart
defects involving the conotruncus and right ventricle. Based on the heart phenotype and Cx43 gene and transgene expression
pattern, we previously proposed that the heart defects may re¯ect a role for gap junctions in the modulation of cardiac neural
crest development. To further elucidate the mechanism by which these heart defects may arise, fetal heart structure and
function in these transgenic and knockout mice were examined by magnetic resonance microscopy and Doppler echocardiogra-
phy. Magnetic resonance microscopy of E14.5 fetuses revealed an enlargement of the right ventricular chamber in the heterozy-
gous Cx43 knockout and CMV43 transgenic mice. This was accompanied by thinning of the chamber wall. In the homozygous
Cx43 knockout mouse, heart malformation was also restricted to the right ventricle. This was generally characterized by two
pouches at the base of the pulmonary out¯ow tract, but occasionally hearts with a single pouch were found. Magnetic resonance
microscopy showed in some of the CMV43 and Cx43 knockout mice an attenuation of the ductus arteriosus, a phenotype
which may be indicative of out¯ow tract obstruction. This was con®rmed by the in utero Doppler echocardiography, which
showed increased out¯ow velocity in E12.5 to 14.5 CMV43 and Cx43 knockout fetuses. In some of these fetuses, Doppler
analysis also revealed arrhythmia and absence of isovolemic contraction time. Further examination of these hearts by histology
and immunohistochemistry showed abnormal myocardial development in the conotruncus. Particularly interesting was the
presence of abundant subendocardial ®brous tissue expressing smooth muscle actin. In the developing heart, such mesenchyme
in the out¯ow tract is usually considered neural crest-derived tissue. Together, these results con®rm the importance of Cx43
gene dosage in conotruncal heart development and suggest that this likely involves a role for Cx43 gap junctions in cardiac
crest development. In future studies, these transgenic mice may serve as valuable animal models for further studying the role
of gap junctions and cardiac crest cells in conotruncal heart development. q 1998 Academic Press
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INTRODUCTION 43 (Cx43) gap junction gene, also known as Gja1, is one mem-
ber of the connexin multigene family recently shown to play
an important role in heart development. Homozygous Cx43Gap junctions contain membrane channels that allow the
knockout mice die at birth, with lethality resulting from pul-diffusion of ions, metabolites, and small molecules from cell
monary out¯ow tract obstruction and conotruncal heart mal-to cell (Beyer et al., 1990; Bennett et al., 1991; Bruzzone et
formations (Reaume et al., 1995). Interestingly, conotruncalal., 1996). They are composed of a hexameric array of proteins
heart defects were also observed in transgenic mice (CMV43)known as the connexins (Beyer et al., 1990). The connexin
overexpressing Cx43 (Ewart et al., 1997). Together, these
®ndings suggest that the level of Cx43-mediated gap junc-
tional communication may play an important role in cono-1 To whom correspondence should be addressed.
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Jackson Laboratory (Bar Harbor, ME). They are in a C57BL6 back-truncal heart development. We previously proposed that this
ground and have been maintained by sibling matings. These ani-may involve the modulation of cardiac neural crest develop-
mals were used for the MR microscopy and Doppler echo analysis.ment (Ewart et al., 1997). This is based on the ®nding that
In addition, some Cx43 knockout mice were bred into the CD1Cx43 overexpression in the CMV43 transgenic mice was tar-
background and were used for the histological examination of post-geted to subpopulations of neural crest cells and their progeni-
natal homozygote knockout hearts. The day a vaginal plug was
tors in the dorsal neural tube. Signi®cantly, these are also found was considered E0.5.
regions of the embryo where the endogenous Cx43 gene is
expressed (Ruangvoravat and Lo, 1992; Lo et al., 1997).
The importance of crest cells in conotruncal heart devel- Magnetic Resonance Microscopy
opment was ®rst indicated by neural crest ablation studies
MR microscopy was performed according to Smith et al. (1994).in the chick (Kirby et al., 1983, 1985; Tomita et al., 1991).
For these studies, pregnant females were euthanized by cervical dislo-These studies in conjunction with lineage analysis suggest
cation on E14.5, and the gravid uterus was removed and placed inthat cardiac neural crest cells play an important role in
chilled phosphate-buffered saline (PBS). Then each embryo was re-the development of the out¯ow tract and formation of the
moved from the uterus with its intact placenta and perfused via the
aorticopulmonary septum (Kirby, 1993; Kirby and Waldo, umbilical vein with PBS followed by ®xative perfusion [2% (v/v)
1995). However, the precise role of neural crest cells in glutaraldehyde/1% Formalin in phosphate buffer at 300 mOsm], and
conotruncal heart development is not well understood. Be- ®nally perfused with the MR contrast agent [BSA±DTPA±Gd mixed
cause the heart malformations in the Cx43 knockout and in 7% gelatin]. Embryos were then immersion ®xed in the perfusion
®xative for 48 h followed by immersion in Fomblin (Ausimont Inc.,CMV43 transgenic mice are different from those seen with
Morristown, NJ) for magnetic resonance imaging. The ®xation andcrest ablation, it is likely that the survival of cardiac crest
perfusion technique was based on the angiographic protocol describedcells is unaffected in these mice. Thus, not only may these
by Effmann et al. (1986), but modi®ed for MR microscopy.particular animal models be useful for examining the role
Magnetic resonance imaging was performed on a 9.4 T GEof gap junctions in neural crest development, but also they
NMR Instruments Omega system modi®ed for MR microscopyshould be invaluable for further analyzing the role of cardiac
using a 1-cm solenoid imaging coil. Data were acquired using
crest cells in conotruncal heart development. three-dimensional spin warp encoding with pulse sequence repe-
In this study, we used a number of different approaches tition time (TR) 200 ms, echo time (TE)  7 ms, two excitations
to characterize heart defects in the CMV43 transgenic and for each phase encoding step (2 averages), at a bandwidth of 100
Cx43 knockout mice. This included a three-dimensional kHz. The in-plane ®eld of view was 14.0 mm2 with 256 samples,
while 128 samples (slices) were measured in the z plane with aanalysis of structural alterations using magnetic resonance
7.0-mm ®eld of view, providing isotropic voxels of 54.7 mm in(MR) microscopy, and the analysis of fetal cardiac function
each axis. Total scan time was 3.5 h per embryo. The three-di-by in utero Doppler echocardiography. These studies to-
mensional image arrays were volume-rendered on a RealityEn-gether with a detailed histological analysis revealed defects
gine Workstation (Silicon Graphics, CA) using VoxelView-Ultraassociated with the out¯ow tract and right ventricle. In con-
2.5 (VitalImages, Inc., Fair®eld, IO). Individual image slices weretrast, no signi®cant perturbation was observed in the left
edited in Adobe Photoshop to segment the ventricles and aortic
ventricle. These out¯ow tract and right ventricular heart arches from the rest of the image using seeding and connectivity
defects were found in the CMV43 transgenic, and the hetero- where the threshold values were suf®ciently low to include not
zygous and homozygous Cx43 knockout mice. Immunohis- only the very high signal luminal spaces, but also the slightly
tological analysis indicated that the myocardium sur- lower signal margins of the walls.
rounding the conotruncal pouches seen in the Cx43 knock-
out mouse hearts retained an embryonic characteristic.
These pouches also exhibited an abnormal subendocardial Doppler Echocardiography
®brous tissue with an abundance of smooth muscle actin, a
To evaluate fetal cardiac function, Doppler echocardiographyprotein expressed by ectomesenchyme of neural crest origin
was carried out using previously described methods (Gui et al.,
(Beall and Rosenquist, 1990; Noden et al., 1995; Ya et al., 1996). The analysis was carried out using pregnant females carrying
1998). Together these results con®rm the importance of litters at E12.5 to E14.5, with some animals reexamined on E17.5.
Cx43 gene dosage on conotruncal heart development and In brief, the pregnant female was sedated with Avertin adminis-
provide further evidence that this may involve events relat- tered intraperitoneally (1.25 mg per 5 g body wt). Echocardiography
was carried out using the Interspec XL (Conshohocken, PA) instru-ing to cardiac neural crest development. These results also
ment by placing the ultrasonic transducer (7.5 MHz) over the abdo-suggest the possibility that neural crest perturbation may
men and coupling the ultrasonic energy with an acoustic gel. Im-bring about changes in the development of the myocardium.
aging at this frequency is adequate to locate the beating fetal heart
and orient the direction of the sagittal plane of each fetus. To moni-
tor blood velocities, the sample volume (2±4 mm) of the pulsedMATERIALS AND METHODS
Doppler was placed over the entire heart, and the high pass ®lter
was set at its lowest setting of 50 Hz. Each fetus was evaluatedAnimal Husbandry
from several angles of insonation, with the maximal blood ¯ow
velocity indicated when the angle of insonation is minimizedCMV43 transgenic mice were maintained in a CD1 background
as previously described (Ewart et al., 1997). The Cx43 knockout (Huhta et al., 1990). The in¯ow and out¯ow waveforms were re-
corded on tapes using Panasonic video cassette recorder AG6300mice generated by Reaume et al. (1995) were obtained from the
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(Tokyo, Japan) and analyzed using an Echocardiography Analysis logical analysis was carried out to characterize morphologi-
System (Digisonics, Inc., Houston, TX). cal changes in the fetal hearts. During the course of these
Immediately after the completion of Doppler echo interrogations studies, we found that the Cx43 knockout allele, when bred
(or in some cases, after allowing the fetuses to develop to E17.5), into the CD1 outbred background, will allow homozygote
the mother was sacri®ced and tissues were harvested from each knockout animals to survive for up to 10 days postnatally.
fetus for genotype analysis. In addition, the heart from each fetus
Hence, hearts from such postnatal Cx43 knockout animalswas examined for morphologic changes. This entailed carefully ex-
were also analyzed histologically.amining the hearts under a stereomicroscope, and some were fur-
Overall, our results are consistent with previous studiesther injected with a dye to examine for out¯ow obstruction. It
showing heart malformations associated with the right ven-should be noted that, in general, it is possible to discern the position
of each fetus in the uterine horn based on the positions indicated by tricle and conotruncus in both the Cx43 knockout and
the Doppler interrogations. However, to con®rm that the Doppler CMV43 transgenic mice (Reaume et al., 1995; Ewart et al.,
results are interpreted appropriately with regards to genotype, in 1997). The Doppler and MR analysis revealed speci®c struc-
some experiments each fetus was reinterrogated after the abdomen tural and functional defects in the CMV43 and Cx43 knock-
of the mother was opened, then followed by the retrieval of fetal out mice, with similarities as well as differences exhibited by
tissue samples for genotyping. these two types of animals. These structural and functional
defects can be detected during fetal stages of development,
and also in neonatal and postnatal animals. The homozygousHistological Analysis
Cx43 knockout mouse generally showed the previously de-Fetal or neonatal hearts were harvested and either examined by
scribed phenotype consisting of double pouches at the basetrypan blue injection into the right ventricle or immediately ®xed
of the pulmonary out¯ow tract (see arrows in Fig. 1B; Reaumefor histology (Ewart et al., 1997). For genotyping of the fetuses, DNA
et al., 1995). However, in some homozygous knockout mice,was isolated from the yolk sac or from a piece of the tail tissue.
an apparently milder phenotype was observed in which onlyThe PCR reactions were carried out using primers and conditions
previously described (Ewart et al., 1997; Reaume et al., 1995). For a single small conotruncal bulge was found in conjunction
histology, hearts isolated from fetal and neonatal mice were ®xed with an enlargement of the right ventricle (see arrow in Fig.
at room temperature in Amsterdam's ®xative (methanol:ace- 1A; further detailed below). Also unexpected was the ®nding
tone:acetic acid:water, 35:35:5:25, v/v) for a minimum of 2 h, dehy- of heart defects in some of the heterozygous knockout mice
drated in a graded series of ethanol, cleared in toluene, and embed- (see below). This could be detected by both Doppler and MR
ded in Poly®n (Polysciences Inc., Warrington, PA). The specimens
imaging analyses.were cut into 5-mm serial sections and mounted on microscope
slides coated with aminoalkylsilane (Sigma Diagnostics, St. Louis,
MO). Sections were then stained with hematoxylin±eosin (H±E) at Magnetic Resonance Microscopy
50-mm intervals. Based on these H±E-stained series, slides were
MR microscopy was used to obtain detailed three-dimen-selected for immunohistochemical analysis. For the detection of
monoclonal antibody binding on mouse tissue sections, an indirect sional information on alterations in fetal cardiovascular
conjugated method was applied. After paraf®n removal, the sections structure in the Cx43 knockout and CMV43 transgenic
were treated with hydrogen peroxide (3% v/v in phosphate-buffered mice. Given the costs involved in MR microscopy, these
saline (PBS), pH 7.4) for 30 min to reduce endogenous peroxidase studies were focused on a single development stage, fetuses
activity, followed by preincubation in TENG-T (10 mM Tris, 5 mM at E14.5. At this stage of development, heart septation is
EDTA, 150 mM NaCl, 0.25% gelatin, 0.05% Tween 20, pH 8.0) for
normally completed (Vuillemin and Pexieder, 1989; Theiler,30 min to reduce nonspeci®c binding. Monoclonal antibodies were
1989). In the CMV43 transgenic mouse line, we typicallydiluted in PBS/BSA/NRS (PBS with 1% bovine serum albumin and
observed an enlargement or dilation of the right ventricle2.5% normal rabbit serum). After incubation of the pretreated sec-
and conotruncus (Fig. 2). There was also evidence of thin-tions with the primary antibody, antibody binding was detected
ning of the right ventricular and conotruncal walls (Fig. 2).with rabbit anti-mouse-peroxidase (Sigma A-9044), which was also
diluted in PBS/BSA/NRS (1:400). All incubations were followed by Interestingly, in the majority of the CMV43 embryos, the
three washes in PBS for 5 min. The immunocomplex formed was ductus arteriosus was attenuated and angled cranially just
visualized by incubation of the sections with 0.5 mg/ml 3,3*-diami- distal to the right and left pulmonary arteries rather than
nobenzidine, 0.02% hydrogen peroxide in 30 mM imidazole, 1 mM taking its normal straight course to the descending aorta
EDTA (pH 7.0). Sections were mounted in Accu-Mount 60 (Ste- (Fig. 3). The left ventricle did not show enlargement in any
phens Scienti®c, Riverdale NJ). The monoclonal antibodies used
of the embryos studied by MR microscopy and thus wasincluded anti-a-MHC and anti-b-MHC (Wessels et al., 1988, 1991),
used as an internal control for the right ventricular sizeand anti-smooth muscle a-actin (Sigma, A2547).
variation seen in the CMV43 fetuses (and also in the Cx43
knockout fetuses; see below).
MR analysis of the homozygous Cx43 knockout miceRESULTS
showed the previously described pronounced double cono-
truncal pouches at the base of the out¯ow tract. These wereTo determine how loss or gain of Cx43 function may
affect mouse heart morphogenesis, fetal offspring obtained positioned just proximal to the pulmonic valve (see asterisk
in Fig. 2, second row). Small irregularities can be seen in thefrom intercrosses of heterozygous Cx43 knockout or
CMV43 transgenic mice were examined by MR microscopy right ventricular wall (Fig. 2, second row). Such irregularities
were also indicated by trypan blue injection into the rightand in utero Doppler echocardiography. In addition, a histo-
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FIG. 1. Heart malformations in the Cx43 knockout and CMV43 transgenic mice. (A, B) Two E17.5 hearts from homozygous Cx43
knockout mice. Although both hearts show bulging over the conotruncus (open white arrow), this is much more severe in the heart
shown in B, where two pouches straddle the base of the pulmonary out¯ow tract. In contrast, in the heart shown in A, there is only one
bulge visible (see open white arrow). Also note differences in the overall appearance of the right ventricle, with the heart shown in A
exhibiting a distinct interventricular cleft (see white arrow) not normally seen in fetal hearts at this stage of development. (C, D) Injection
of trypan blue into the right ventricular chamber of wildtype (///) and homozygous knockout (0/0) fetal hearts (E17.5) derived from the
same litter. The trypan blue delineates the right ventricular chamber cavity and reveals a loss of structural integrity in the conotruncal
wall of the homozygous knockout heart. Note that these hearts have been photographed in a positioned different from the hearts shown
in A and B. This is to facilitate comparison with the MR scans shown in Fig. 3.
ventricular chamber. This revealed a spongy appearance to (Fig. 2, fourth row). These hearts also showed some thinning
of the ventricular and conotruncal walls. This heterozygousthe right ventricular myocardium (Fig. 1D; compare to con-
trol in Fig. 1C). MR microscopy showed no evidence of right knockout heart phenotype showed striking similarities to
that of the CMV43 transgenic mice. Moreover, like theventricle enlargement, and the chamber wall thickness ap-
peared normal in these knockout hearts. However, in some CMV43 transgenic mice, MR analysis also showed an atten-
uation of the ductus arteriosus in some of the heterozygousof the homozygous Cx43 knockout animals, only a single
small conotruncal bulge was observed as described above and homozygous Cx43 knockout mice (Fig. 2; see rightmost
column showing left lateral view).(Fig. 2, third row). This was accompanied by a noticeable
enlargement of the right ventricle (Fig. 2, third row). Inter-
Abnormal Cardiac Function Indicated by Dopplerestingly, MR microscopy also revealed changes associated
Analysiswith the right ventricle of the heterozygous Cx43 knockout
mice. An enlarged right ventricle and widened conotruncus To assess mouse fetal cardiac functions, a noninvasive
method was used involving the application of in uterowere observed in some of the heterozygous knockout hearts
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FIG. 2. Analysis of CMV43 and Cx43 knockout mouse hearts by MR microscopy. The left and right ventricles of E14.5 mouse embryos
with altered expression of connexin 43 are compared by MR microscopy (anterior views). Column 1 depicts the vascular spaces of the heart
and great vessels, column 2 demonstrates the isolated ventricular wall and luminal volumes, column 3 depicts only the luminal volumes of
the right and left ventricles (RV and LV) and the conotruncus (CT), and column 4 depicts left lateral views that show the conotruncus and
left ventricle, and the aorta (AA) and ductus arteriosus (DA). The wildtype (Cx43///) shows a normal right ventricle and conotruncus and
normal thickness of the right ventricular myocardial wall (white double-headed arrow). Two examples of homozygous Cx43 knockout animals
are shown (Cx430/0). The ®rst example (row 2) demonstrates the typical double conotruncal pouches and an irregular contour of the
conotruncal wall (see asterisk). In the second example (row 3), only a single bulge is observed. This was associated with an enlargement of
the right ventricle. The apparent reduction in size of the aortic vessel in the second knockout sample (row 2) is within the normal range of
variations observed in the small number of wildtype, heterozygous, and homozygous knockout fetuses examined (i.e., measurements of aortic
vessel diameter showed no statistically signi®cant differences among any groups; data not shown). The heterozygote knockout animals
(Cx430//) and the CMV43 mice show an enlarged right ventricle (black double-headed arrow) with a very thin myocardial wall and a widened
conotruncus (gray double arrows). Note that in the left lateral view (last column on right), it is also possible to see an attenuation of the
ductus in the Cx43 knockout mice (heterozygous and homozygous), while only a modest reduction was observed for the ductus of this
particular CMV43 transgenic embryo. CT, conotruncus; LV, left ventricle; RV, right ventricle; AA, ascending aorta; DA, ductus arteriosus.
Doppler echocardiography. Previous studies showed that et al., 1996). Using this method, defects in fetal mouse heart
function can be detected as early as E11.5 (Gui et al., 1996).Doppler wave patterns obtained in mice are similar to those
of human embryos in the ®rst trimester and beyond (Gui Doppler analysis for the CMV43 mice was carried out at
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FIG. 3. MRI analysis shows alteration in the ductus ateriorsus of CMV43 transgenic mice. The ductus arteriosus in CMV43 and control
mouse embryos at E14.5. In the right lateral views (top row), the ductus arteriosus is shown to angle superiorly toward the descending
aorta in the CMV43 embryo, but remains straight in the nontransgenic animal. The superior views (middle row) demonstrate diminished
width of the ductus arteriosus. The arch of the aorta has been deleted in this superior view to expose the ductus. The anterior views
(bottom row) indicate a normal ascending aorta and aortic arch, with normal major branches of the aorta.
E12.5 to E14.5 (Table 1). Doppler abnormalities were found showed no Doppler abnormalities. These results suggest
that cardiac defects are associated with the homozygousthroughout this period of fetal development. In addition,
examination of a few E11.5 CMV43 fetuses also showed CMV43 offspring. This was subsequently con®rmed by the
analysis of two litters derived from homzygote CMV43 1Doppler abnormalities (data not shown). In total, 100 fe-
tuses from 11 litters derived from CMV43 hemizygote 1 homozygote CMV43 matings.
The most common abnormality detected in the CMV43hemizygote crosses were examined, of which 22 CMV43
transgenic fetuses (22%) exhibited abnormal Doppler wave mice was an increased peak systolic ejection velocity (IPSV)
which is indicative of out¯ow obstruction (Table 1; see out-forms (Table 1). In contrast, the analysis of 21 fetuses from
two litters derived from CMV43 1 nontransgenic matings ¯ow in Fig. 4B and compare with Fig. 4A). IPSV is de®ned
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as out¯ow velocity which is two standard deviations higher
from that observed in control nontransgenic animals. For
E14.5 embryos, the normal out¯ow velocity is 0.24 { 0.05
m/s, and thus all out¯ow velocities higher than 0.34 m/s
at this stage of development was considered as IPSV (Table
2). We also observed in a few animals, the loss of isovolemic
contraction time (no ICT; Table 1) due to the presence of
an abnormal blood ¯ow signal immediately after the end of
the in¯ow waveform (Fig. 4F). At E14.5, ICT is normally
present; its loss in some of these transgenic fetuses remains
unknown. Arrhythmia was also observed in some of the
CMV43 mice. This is denoted by premature atrial contrac-
tions (PAC) characterized by A waves inserted between car-
diac cycles and/or the occurrence of a premature cardiac
cycle with a longer compensatory interval (Fig. 4E; Table
1). It should be noted that the Avertin anesthetics used to
sedate the mice can induce transient PAC which lasts 5±
15 min (Huang and Linask, 1998). Therefore, only those
TABLE 1
Abnormal Doppler Echocardiography Exhibited by CMV43
and Cx43 Knockout Mice
CMV 43
Fetal No. of No No
age embryosa IPSV PAC ICT EW
E12.5 48 (8) 8b 1b 1b
E13.5 13 (2) 2
E14.5c 39 (12) 5d 4d 5d
Total 100 (22) 15 5 1 5 FIG. 4. In utero Doppler echocardiography revealed heart abnor-
malities in CMV43 transgenic and Cx43 knockout mouse embryos.
Cx43 knockout (A) Doppler analysis of cardiac blood ¯ow in nontransgenic em-
bryos at E14.5. An out¯ow peak velocity of 0.20 m/s is observed.Fetal No. of No
A, A wave; E, E wave; in¯ow, in¯ow waveform; out¯ow, out¯owage Genotypee embryosa IPSV PAC ICT
wave form; T, interval of a cardiac cycle; ICT, isovolemic contrac-
tion time. (B) Abnormal heart function in a E14.5 CMV43 mouseE14.5 /// 15 (0)
embryo is indicated by an increased peak systolic ejection velocityE14.5 //0 37 (9) 5 2 2
(0.39 m/s). (C) Absence of the E wave in E14.5 CMV43 transgenicE14.5 0/0 9 (6)f 6g 1g 1g
mice. In contrast to the biphasic in¯ow waveform seen in wildtypeTotal 61 (15) 11 3 3
animals (see A), the in¯ow waveform in this CMV43 fetus is mono-
Note. IPSV, increased peak systolic velocity; PAC, premature phasic, with the presence of A wave but no E wave. (D) Abnormal
atrial contraction; No EW, no E wave; No ICT, absence of isovo- heart function in an E14.5 Cx43 knockout mouse fetus is indicated
lemic contraction time. by an increased peak systolic ejection velocity (0.41 m/s). (E) Ar-
a Number of fetuses exhibiting abnormal Doppler wave form in- rhythmia in an E14.5 CMV43 transgenic embryo is indicated by
dicated in parentheses. premature atrial contractions (PAC) followed by a longer compen-
b One fetus exhibited IPSV and no ICT, and one exhibited IPSV satory interval (T). (F) Absence of isovolemic contraction time in
and PAC. a E14.5 Cx43 knockout mouse embryo. Note the loss of the ICT
c Two fetuses with IPSV on E14.5, and continued to show IPSV interval normally positioned immediately after the end of the in-
when examined on E17.5. ¯ow waveform (compare to A).
d One fetus exhibited IPSV and PAC, and one exhibited IPSV and
No EW.
e ///, wildtype; //0, heterozygous Cx43 knockout; 0/0, homo-
zygous Cx43 knockout.
PAC which persisted over 30 min were included in thisf Three embryos which did not exhibit abnormal Doppler pat-
study. Doppler analysis also revealed defects associatedterns had very severe pulmonary out¯ow tract obstruction, indi-
with the diastolic phase of the cardiac cycle in some CMV43cated by dye injection into right ventricle.
transgenic animals (absence of the E wave; see No EW ing One fetus exhibited IPSV and no ICT, and one exhibited IPSV
and PAC. Table 1). This is indicated by the ®nding of a monophasic
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TABLE 2 knockout and CMV43 transgenic mice (Figs. 5 and 6). Our
Increased Peak Systolic Ejection Velocity (IPSV) in E14.5 CMV43 analysis demonstrated a wide variety of cardiac malforma-
and Cx43 Knockout Fetuses tions in the Cx43 knockout mouse, most of them related
to the right ventricle and right ventricular out¯ow tract (or
No. of Peak systolic ejection conotruncal region). Within the limits of our analysis, we
Genotype fetuses velocity (m/s)
found no detectable histological differences in the hearts
from homozygote knockout mice carrying the CMV43Nontransgenic control 29 0.24 { 0.05
Hemizygous CMV43 21 0.21 { 0.03 transgene vs those without the transgene. Histological anal-
Homozygous CMV43 18 0.37 { 0.01d ysis of the cardiac phenotypes in the CMV43 transgene mice
Cx43 KO ///a 15 0.21 { 0.03 was described recently and will not be further discussed
Cx43 KO //0a 37b 0.24 { 0.06 here (Ewart et al., 1997).
Cx43 KO 0/0a 9c 0.32 { 0.08d The most prominent feature in the homozygote knockout
mouse hearts was the double pouches positioned to the lefta ///, wild type; //0, heterozygous knockout; 0/0, homozy-
and right of the semilunar valves of the pulmonary trunk.gous knockout.
Examination of these pouches in homozygote knockout ani-b Five of these heterozygous knockout fetuses showed IPSV (0.38
{ 0.03 m/s), while 32 showed normal peak systolic ejection veloci- mals showed that the cardiomyocytes were poorly orga-
ties (0.22 { 0.03 m/s). nized, and that the myocardium retained fetal characteris-
c Six of these fetuses displayed IPSV (0.37 { 0.02 m/s), while tics. These abnormalities were particularly evident in the
3 had normal velocities (0.23 { 0.06 m/s). Note, however, that hearts of homozygous Cx43 knockout animals that sur-
subsequent analysis of the hearts from the latter 3 animals with vived 10 days postnatally. One indication of the fetal char-
trypan blue injection into the right ventricular chamber revealed acteristic of the myocardium is the ®nding, by immunohis-
severe out¯ow tract obstruction.
tochemical analysis, that smooth muscle a-actin expressiond Compared to peak systolic ejection velocity in nontransgenic
is upregulated in the late fetal and neonatal myocardiumcontrol animals, P  0.0001.
(Fig. 5B), stages of development when myocardial expres-
sion of smooth muscle a-actin should have been downregu-
lated (Ya et al., 1997). Also unusual was the ®nding of a
considerable amount of ®brous tissue between the endocar-in¯ow pattern in some of the E14.5 fetuses (a time in devel-
opment when the E waves should be present; Gui et al., dium and myocardium associated with these pouches (Fig.
5E). This tissue was continuous with the ®brous tissues of1996). This change in Doppler wave pattern likely re¯ects
an impairment in the compliance of the ventricular myocar- the semilunar valves and was also characterized by a high
level of smooth muscle a-actin expression. In the knockoutdium (Gui et al., 1996).
A parallel analysis of the Cx43 knockout mouse line also animals that survived for an extended period postnatally
(10.5 days), there was also prominent dilation of the rightrevealed Doppler abnormalities. This was observed in both
the homozygote and heterozygote knockout animals. Exam- ventricle (Figs. 5C and 6B). This was associated with severe
®brosis of the left as well as right ventricles (Figs. 5C andination of 61 fetuses from 8 litters derived from heterozy-
gous Cx43 knockout male and female matings revealed ab- 5D). Occasionally, heterozygote Cx43 knockout animals
also were found to have cardiac malformations. In the het-normalities in 24% (9/37) of the heterozygous knockout
mice, and 67% of the homozygote knockout mice (6/9). In erozygous knockout heart shown in Fig. 6C, the interven-
tricular septum was deviated to the right, partly occludingcontrast, none was seen in wildtype fetuses. Like the
CMV43 transgenic mice, the most common defect detected the right ventricular lumen. This same deviated septum
phenotype was also seen by MR microscopy (data notwas IPSV. It should be noted that in 3 of the homozygote
animals in which we failed to detect IPSV, subsequent anal- shown). Given this abnormal morphology and the appear-
ance of the septum (see Fig. 6D), a ventricular septal defectysis of these hearts with typan blue injection into the right
ventricular chamber revealed severe pulmonary out¯ow is suspected.
tract obstruction. Thus it is likely that, in these instances,
IPSV was not detected due to the fact that there was mini-
mal blood ¯ow from the pulmonary vessel. In addition to DISCUSSION
IPSV, we also observed in a few of the heterozygous/homo-
zygous knockout embryos, PAC, and absence of ICT (Table Our analysis of fetal heart structure and function in the
Cx43 knockout and CMV43 transgenic mice revealed heart1). However, in no instance did we detect defects associated
with the diastolic phase of the cardiac cycle (i.e., no animal defects predominantly localized to the conotruncal region
of the right ventricle. These results con®rm the importanceshowed absence of E wave; see EW in Table 1).
of Cx43 gene dosage on conotruncal heart development.
This was further highlighted by the ®nding of a range of
Histological Analysis of Heart Defects heart defects in the heterozygous and homozygous Cx43
knockout mice. In the CMV43 transgenic mice, gene dosageHistological and immunohistochemical analyses were
carried out with hearts obtained from Cx43 knockout mice is also likely of importance because heart defects were
found predominantly in the presumptive homozygousand also animals derived from intercrosses of the Cx43
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FIG. 5. Histologically analysis of mouse hearts from CMV43/Cx43 knockout mice. (A±D) Histological analysis of hearts from homozygous
Cx43 knockout mice carrying the CMV43 transgene. (A) This 2-day-old mouse heart exhibited the characteristic pouches in the conotruncal
region left and right of the pulmonary semilunar valves. Between the myocardium and the endocardium lining the lumen of the pouches,
a considerable amount of connective tissue was found. (B) This heart section was immunohistochemically stained for smooth muscle
actin and is from a region ventral to the area shown in A. The myocardium in the bulging pouches shows signi®cantly higher expression
of smooth muscle actin relative to the rest of the ventricular myocardium. (C) A 10.5-day neonatal heart shows dilated right ventricle.
(D) Fibrotic tissue was observed in the subendocardial space in the pouches, and also in the rest of the myocardium. (E) Section of a
homozygote Cx43 knockout mouse heart showing an abundance of subendocardial ®brous tissue. Although this section was from a mouse
that survived for 10.5 days postnatally, this same phenotype is typically observed in all Cx43 knockout mouse hearts. Note that the
®broblasts in this subendocardial ®brous tissue were found to express a considerable amount of smooth muscle actin (not shown here).
Scale bar: A, B, and D, 500 mm; C, 1000 mm; E, 250 mm. IVS, interventricular septum; LV, left ventricle; RV, right ventricle; RA, right
atrium; RCTP, right conotruncal pouch; LCTP, left conotruncal pouch.
transgenic animals. However, it should be noted that the Conotruncal Heart Defects
heart phenotypes in the CMV43 transgenic and Cx43
We found in the CMV43 transgenic and heterozygousknockout mice are not identical. One possible reason is that
Cx43 knockout mice, a marked enlargement or dilation ofCx43 expression via the CMV transgene includes only a
the right ventricle. This was accompanied by a thinning ofsubset of the endogenous Cx43 expression domain. It is also
the chamber wall. In contrast, in the homozygous knockoutpossible that the ``gain'' vs ``loss'' of Cx43 function may
mice, the major heart defect consisted of outpockets situ-impact neural crest development differently. Future studies
ated at the base of the out¯ow tract. The latter phenotypein which Cx43 function is speci®cally up- or downregulated
showed some variability, with some homozygous knockoutwithin the same cell lineages may help to resolve these
mice exhibiting the previously described double pouchesambiguities and also provide further insights into the pre-
cise role of Cx43 gap junctions in heart development. (Reaume et al., 1997), while others exhibited only a single
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FIG. 6. Heart malformations in heterozygous and homozygous Cx43 knockout mice. This ®gure shows some of the heart malformations
frequently observed in homozygote (A and B) and heterozygote (C and D) Cx43 knockout mice. (A) E17.5 heart stained with hematoxylin±
eosin, demonstrating the typical pouches in the conotruncal region (pouch on right side shown). The thickness of the lower portion of
the right ventricular wall, as well as the trabeculation of this area, is fairly normal when compared with nontransgenic animals at this
stage. (B) A 10.5-day postnatal homozygote knockout heart exhibits a severe dilation of the right ventricle, while the left ventricle is very
coarse and sparsely trabeculated. (C and D) Sections of a E17.5 heterozygous knockout heart showing a deviated interventricular septum
(IVS). The IVS is deviated to the right and is partly situated underneath the tricuspid valve at the right AV junction, partly obstructing
the right ventricular in¯ow (C). The top of the IVS shows an abnormal morphology. Based on this morphology a muscular septal defect
is suspected. D shows a detail of the boxed area in a neighboring section of C which was immunostained for smooth muscle a-actin. The
area between the arrows indicates the area of the suspected ventricular septal defect. Note that this stage of development is well beyond
the normal time of septal closure. LV, left ventricle; RA, right atrium; RCTP, right conotruncal pouch; RV, right ventricle. Scale bar: A±
C, 500 mm; D, 100 mm.
bulge on one side of the out¯ow tract. MR analysis further out¯ow tract obstruction or pulmonary stenosis (Elzenga
and Gittenberger-de Groot, 1986). In fact, Doppler analysisshowed in some of the CMV43 transgenic and Cx43 knock-
out animals, an attenuation of the ductus arteriosus. In hu- of these mice also indicated out¯ow obstruction. This was
observed in the CMV43 and heterozygous/homozygousmans, such ductus abnormalities are often associated with
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Cx43 knockout mice and could be detected from E11.5. through the ventricular myocardium. In some of the
CMV43 transgenic mice, we also observed another DopplerThis may account for the dilation of the right ventricular
chamber and thinning of the chamber wall. It should be abnormality, absence of the E wave. This suggests an im-
pairment in the compliance of the ventricular myocardium.noted that the Doppler analysis cannot distinguish out¯ow
from the left vs right sides of the heart, and thus technically Because most of the animals with no E wave did not exhibit
increased out¯ow velocity, it is not clear whether this de-the IPSV observed could be due to increased out¯ow from
either the right or left sides of the heart. However, the cu- fect arises from a pathway separate from that involved in
the out¯ow tract abnormalities.mulative evidence from the MR microscopy, histology, and
trypan blue injections all suggests that the IPSV is indica-
tive of pulmonary obstruction.
Variability and Penetrance of Heart DefectsAlthough pulmonary out¯ow tract obstruction is clearly
indicated by these ®ndings, it is interesting to note that MR Although the heart defects exhibited by the CMV43 and
Cx43 knockout mice were predominantly restricted to themicroscopy showed complete in®ltration of the contrast
agent through the pulmonary vessel in the CMV43 right ventricle, it is worth noting that the heart phenotype
showed considerable variability. This was evident from thetransgenic and Cx43 knockout mice. The MR microscopy
also showed no signi®cant reduction in the size of the pul- MR microscopy and Doppler analysis, and also indicated
by the histological analysis. One example of this was themonary out¯ow tract. This discrepancy may re¯ect proce-
dural differences in the Doppler vs MR analyses. Thus differences detected in the conotruncal heart malformations
found among the homozygous Cx43 knockout mice. Fur-Doppler echocardiography is carried out with living fetuses,
while the MR microscopy involves in®ltration of the con- thermore, viability of the homozygous knockout mice was
observed to vary, with some dying at birth while otherstrast agent in ®xed nonliving fetuses. Hence, perhaps the
out¯ow obstruction (IPSV) detected by Doppler analysis ac- lived for up to 10 days postnatally. Our study also showed
that some of the heterozygous Cx43 knockout mice exhib-tually is the result of a change in the compliance of the
conotruncal myocardium, one which is detectable only in ited heart anomalies. These variabilities could re¯ect the
in¯uence of genetic modi®ers, such as with the extendedthe living animal. With regard to this possibility, it is inter-
esting to note that immunohistochemical analysis showed postnatal viability of the knockout mouse in the outbred
CD1 background. However, some of the variabilities in thethat the myocardium in the conotruncal pouches of the
Cx43 knockout mice retained an embryonic differentiation knockout mice were also detected in animals maintained
in the C57BL6 inbred strain. Thus it is likely that at leaststate, and thus may have different physiological properties
from that of the mature myocardium. It should be noted some of the variability may re¯ect an intrinsic characteris-
tic of the underlying developmental processes and their in-that the E wave detected by Doppler analysis is not informa-
tive with respect to compliance of the conotruncal myocar- teractions with the environment. It is interesting to note
that variabilities are also noted for the penetrance and phe-dium because it examines only the compliance of the ven-
tricular myocardium. notype of heart anomalies found in the Splotch and Patch
mouse mutants (Franz, 1989; Morrison-Graham et al., 1992;
Orr-Urtreger et al., 1992; Schatteman et al., 1995). These
Other Heart Anomalies particular mutants exhibit heart defects indicative of car-
diac neural crest perturbations, and in the case of SplotchDoppler analysis also revealed other heart anomalies in
a small number of CMV43 transgenic and Cx43 knockout mutants, neural crest migration defects have been observed
(Moase and Trasler, 1989; Conway et al., 1997). Also ofanimals including premature loss of isovolemic contraction
time, and absence of the E wave. These changes may have interest to note is the fact that strain background effects
on phenotypes had been reported for Patch mutants (Orr-arisen secondarily due to adverse effects on earlier processes
in heart development brought on by the perturbation of Urtreger et al., 1992). In Splotch mutants, strain background
on embryo viability has been observed which is almost cer-Cx43 function in these transgenic animals. A few CMV43
and Cx43 knockout fetuses also exhibited arrhythmia, sug- tainly attributable to variability in the penetrance of the
heart phenotype (J. Epstein, unpublished observations).gesting that there may be defects in the development of the
conduction system. This possibility is consistent with our
previous ®nding of an enlargement in the proximal portion
Heart Anomalies and Neural Crest Perturbationof the conduction system in a CMV43 transgenic mouse
heart (Ewart et al., 1997). However, we did not see any We previously proposed that the conotruncal heart de-
fects in the CMV43 transgenic and Cx43 knockout miceevidence of conduction system defects in the hearts that
we sampled in this study. This is not unexpected given that may arise from the perturbation of neural crest develop-
ment. This was based on three observations. First, Cx43the Doppler analysis indicated a relatively low penetrance
for this phenotype. It should be noted that in a recent study transgene expression in the CMV43 transgenic mice was
targeted to subpopulations of crest cells and their progeni-heterozygous neonatal and adult Cx43 knockout mice were
reported to exhibit epicardial conduction defects (Guerrero tors in the neural tube (Ewart et al., 1997). Second, the
endogenous Cx43 gene is also expressed in these same re-et al., 1997). The latter likely re¯ects the involvement of
Cx43 gap junctions in mediating electrical conduction gions (Lo et al., 1997). Third, development of the conotrun-
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Bennett, M. V. L., Barrio, L. C., et al. (1991). Gap junctions: Newcal region of the heart is known to be dependent on neural
tools, new answers, new questions. Neuron 6, 305±320.crest cells (Kirby, 1993; Kirby and Waldo, 1995; Noden et
Beyer, E. C., Paul, D. L., et al. (1990). Connexin family of gap junc-al., 1995).
tion proteins. J. Membr. Biol. 116, 187±194.In this study, we further showed that the heart defects in
Bruzzone, R., White, T. W., and Paul, D. L. (1996). Connectionsthe CMV43 transgenic and Cx43 knockout mice involve
with connexins: The molecular basis of direct intercellular sig-
the conotruncal region of the heart. Moreover, these defects naling. Eur. J. Biochem. 238, 1±27.
appear to arise in early fetal development. The combined Conway, S. J., Henderson, D. J., and Copp, A. J. (1997). Pax3 is re-
evidence would suggest that the out¯ow tract obstruction quired for cardiac neural crest migration in the mouse: Evidence
in these transgenic and knockout mice re¯ects a change in from the Splotch (Sp2h) mutant. Development 124, 505±514.
the compliance of the conotruncal myocardium. This could Effmann, E. L., Whitman, S., and Pexieder, T. (1986). Stereomi-
croangiography in embryologic and teratologic investigation.result from defects in the differentiation of the myocar-
Teratology 34, 103±112.dium, a possibility indicated by the ®nding of abnormal
Elzenga, N. J., and Gitteberger-de Groot, A. C. (1986). The ductusexpression of smooth muscle actin in the conotruncal
arteriosus and stenoses of the pulmonary arteries in pulmonarypouches of the Cx43 knockout mouse heart. Although this
atresia. Int. J. Cardiol. 11, 195±208.was not observed in the CMV43 hearts, further analysis is
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Gourdie, R. G., Chin, A. J., Park, S. M. J., Lazatin, B. L., Villabon,
myocardium in these animals. It is important to note that S., and Lo, C. W. (1997). Heart and neural tube defects in
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the heart. This raises the possibility that differentiation and Franz, T. (1989). Persistent truncus arteriosus in the Splotch mu-
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